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Direct analysis of airborne particulate matter collected on PTFE-membrane filters using laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) was performed. Laboratory prepared standard filter samples
were analyzed. Several parameters, including the laser energy, pulse type and beam focus, thermal properties and
homogeneity of the sample and the carrier gas flow rate, may aVect the LA-ICP-MS measurement. The influences of
these parameters were thoroughly examined. Empirical results obtained here demonstrated that applying
LA-ICP-MS for multi-element analysis of airborne particulate matter collected on PTFE-membrane filter is
feasible. More than 20 major, minor and trace elements in airborne particles on PTFE membrane filters can be
determined. It was found that the optimum ablation eYciency can be achieved using a 160 mJ single shot laser
operated in the free-running mode with a 6.5 mm defocus distance from the filter surface. The optimum transport
eYciency for most of the elements can be obtained if the argon gas flow rate is kept at 0.8 L min−1 .
employed LA-ICP-MS to determine simultaneously 21Introduction
elements in atmospheric particulate matter. However, the
For the elemental analysis of airborne particulate matter, calibration was performed using a standard filter prepared by
particle samples collected on various filter media are often dropping an aqueous standard solution on to the surface of a
used. Since trace levels of many elements need to be determined membrane filter, the matrix of which was totally diVerent from
within a limited amount of particles, high-purity polytetra- that of real samples. A prerequisite for the quantitative analysis
fluoroethylene (PTFE)-membrane filters have been considered of air particle samples collected on membrane filters is that
as one of the most appropriate choices for collecting air the matrices of both the standard and samples be similar. In
samples.1 However, owing to its low loading capacity, finding fact, calibration is the most important aspect and a limiting
a suitable analytical technique to determine the various elemen- factor for accurate and precise LA-ICP-MS analysis.
tal concentrations of air particles on the filter medium is During our previous work, closely matched standard filters
essential. were prepared for calibration and quantitative analysis of air
Inductively coupled plasma mass spectrometry (ICP-MS) particles.16 To examine further the feasibility of applying this
incorporated with an acid mixture digestion method has been technique to real samples, it was necessary to explore the
optimum experimental parameters, such as laser energy, pulseemployed in our laboratory to analyze airborne particulate
type and beam focus, thermal properties and homogeneity ofsamples.2 Compared with other analytical techniques, ICP-MS
the sample and carrier gas flow rate.has several attractive features, e.g., very low detection limits
In this work, an investigation into the direct analysis offor many elements, multi-element analysis capability, rapid
airborne particulate matter collected on PTFE-membrane fil-scan and simple, easily interpreted spectra. However, many
ters using LA-ICP-MS was performed. This study not onlyanalytical problems have been encountered in airborne particu-
demonstrates the advantages of the laser ablation techniquelate analysis. Samples are diYcult to digest, trace elements
employed in the introduction system of ICP-MS, but alsomay be lost or contaminated during the digestion process and
oVers practical observations and suggestions for optimizingspectrometric interference may be serious owing to the acid-
and applying the technique. During the course of this work,derived background ions formed during the ion extraction
LA-ICP-MS was employed to analyze quantitatively standardprocess of ICP-MS.3–7
filters prepared in the laboratory. Conditions for such analysesApplying a laser ablation technique, which involves directly
and methods of calibration for obtaining accurate results wereremoving particulate matter from the filter media by ablation
investigated in detail.with laser pulses, incorporated with ICP-MS (LA-ICP-MS)
may provide a solution to reducing the problems associated
with the conventional acid-digestion/ICP-MS method.8–11 Experimental
With the advantages of no requirement for sample pre-
Sample preparationtreatment, reduction of sample contamination, loss and spec-
tral interference, laser ablation has been considered to be by PTFE-membrane filters [37 mm diameter, 2 mm pore; Gelman
far the most versatile and promising of the solid introduction (Ann Arbor, MI, USA) R2PJO37] with polyester supports
methods for ICP-MS. However, there is still a lack of experi- were used. Standard filters with diVerent particulate concen-
ence of LA-ICP-MS to analyze quantitatively air particles trations were prepared in the laboratory by depositing NIST
standard reference material SRM 1648 Urban Particulatecollected on membrane filters.12–14 Tanaka et al.15 recently
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Matter on the PTFE-membrane filter in a designed sampling
chamber.16 The certified elemental concentrations for each
filter were verified using the acid-digestion/ICP-MS method
after the LA-ICP-MS analysis.
Apparatus
The ICP-MS instrument used was a Perkin-Elmer SCIEX
(Thornhill, Ontario, Canada), Elan Model 5000 quadrupole
mass spectrometer and the laser ablation instrument was a
Perkin-Elmer SCIEX Model 320 sampler equipped with
Quanta-Ray GCR-11 pulsed Nd5YAG laser (wavelength
1064 nm). The laser was operated in either the free-running
(pulse width about 230 ms) or Q-switch (pulse width 8–9 ns)
mode. The laser power used in this work varied from 100 mJ to
180 mJ for both the free-running and Q-switch modes. The
laser beam was focused with a lens of focal length 60 mm and
the estimated diameter of the spot size was about 0.6 mm. An
argon flow was used as the carrier gas from the laser sample
cell to the torch. A 3 m×5 mm id PVC hose was employed to
transfer the sample vapor to the torch. Table 1 gives the
operating conditions of both the laser ablation and the ICP-MS
instruments.
Experimental approach
A direct laser ablation technique coupled with ICP-MS was
tested first to examine the capability of this technique for
qualitative and quantitative analyses of airborne particulates
on PTFE-membrane filter samples. During the course of this
work, several parameters, including the energy, pulse type and
focus condition of the laser and the transport eYciency of the
sample, were examined to determine the optimum ablation
conditions. The laser was operated in such a way that seven
successive shots were randomly fired on diVerent positions of
the same filter to normalize the imhomogeneity of the filter
Fig. 1 Responses of (a) Na, (b) K, (c) Fe and (d) Pb ablated by amedium or particles on the filter and instability of the ablation
single shot laser in the free-running mode with 160 mJ laser beaminstrument. To obtain an accurate and precise analytical result,
energy from blank, standard and real sample filters. The mass loadinga standard calibration experiment was performed using the of the standard filter sample is 0.67 mg per filter.
prepared standard filters.
of the laser was also observed. The abscissa represents theResults and discussion transient time in the peak hopping scanning mode of ICP-MS.
After the laser shot, a delay of the signal peak was generallyQualitative LA-ICP-MS analysis
observed, which might be attributed primarily to the transport
Fig. 1 displays the responses of the four elements Na, K, Fe time from the laser ablation equipment to the ICP-MS. Several
and Pb (other elements exhibited similar responses) when a seconds later, the signal reached a maximum and then gradu-
single laser pulse in the free-running mode with 160 mJ laser ally decreased. A total of 30 s replicate time was included to
beam energy was fired on to blank and standard sample filters. ensure a complete measurement. During the course of this
A similar but less intense response for the Q-switched mode work, 23 elements of interest were determined sequentially. A
20 ms dwell time and 50 repeated scans in ICP-MS were
Table 1 LA-ICP-MS operating conditions selected for each element, thereby extending the total acqui-
sition time for a single element to at least 1000 ms. A significant
ICP-MS high background intensity for elements such as Na wasInstrument PE SCIEX Elan 5000
observed, which could have been contributed by the contami-Power 1100 W
nation. On the other hand, the high background intensity ofCoolant argon flow rate 14 L min−1
Auxiliary argon flow rate 0.8 L min−1 K could be attributed to the polyatomic interference of
Carrier argon flow rate 0.8 L min−1 38Ar1H+ during the ICP-MS measurement. Except for Na, K
Dwell time 20 ms and Ca, the background contributions for most of the elements
Resolution Normala of interest were negligible and quantitative analysis could beReadings per replicate 50
performed by integrating the signal peaks as shown in Fig. 1.Sweeps per reading 1
Fig. 2 exhibits the mass spectra of (a) the standard and (b)Scanning mode Peak hopping transient
Laser ablation loaded filter samples that were obtained using a mass scan from
Instrument PE Laser Sampler Model 320 20 to 215. The interference from a blank filter [Fig. 2(c)] and
Operating mode Free running argon gas [Fig. 2(d)] were also presented as background contri-
Ablation type Single pulse butions. It was observed that the only significant interferenceLaser wavelength 1.06 mm
was in the region of m/z <40, which was primarily due to theFlash lamp energy 40 J ( laser beam energy ~160 mJ )
formation of polyatomic ions from clustering reactions duringDefocus distance 6.5 mm
the ion-extraction process, e. g., ArH+, ArN+ and ArO+. As
aThe peak width at 10% of peak maximum is about 0.832 mass units.
can be seen in Fig. 2, the interference due to the acid-derived
664 J. Anal. At. Spectrom., 1999, 14, 663–668
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Fig. 2 Mass spectra of no filter, blank, standard and loaded filter
samples obtained with a mass scan from 21 to 215.
background ions was greatly reduced. For instance, 75As (100%
abundance) could be determined without the interference of
40Ar35Cl+, which usually forms from a combination of chloride
introduced via reagents with argon. Fig. 2 reveals that
LA-ICP-MS is most appropriate for determining transition and
rare earth elements. On the other hand, for elements such as Na,
K and Ca, associated spectral interference may cause larger
errors during the LA-ICP-MS measurement. Consequently,
determining these elements using LA-ICP-MS is not rec-
ommended. The elements determined using this technique are Fig. 3 Enlarged photographs (×30) of loaded PTFE-membrane filter
shown at the masses employed in this study (24Mg, 27Al, 29Si, samples ablated at diVerent laser energies. (A) Free-running, 120 mJ;
35Cl, 49Ti, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 75As, (B) free-running, 140 mJ; (C) free-running, 160 mJ; (D) free-running,
180 mJ; (E) Q-switch, 120 mJ; (F) Q-switch, 140 mJ; (G) Q-switch,77Se, 88Sr, 114Cd, 121Sb, 138Ba and 208Pb).
160 mJ; and (H ) Q-switch, 180 mJ.
Selecting the laser operation mode
sample filter in a very short period of time (<10 ns), which
Two types of operation mode, free-running and Q-switch may provide suYcient energy (109–1012 W cm−2) to melt the
modes, were examined at diVerent laser energies to explore filter media even before the particles are vaporized. This
the optimum energy and operation mode for the laser. Fig. 3 phenomenon can be avoided by altering the operation mode,
displays the enlarged photographs (×30) of loaded PTFE- lowering the laser energy or defocusing the beam.
membrane filter samples ablated at diVerent laser energies. Table 2 compares the relative integral signal intensities gener-
Lower laser energy tends to ablate a smaller mass and avoids ated per unit energy at 100, 120, 140, 160, 180 and 200 mJ. As
physically disturbing the sample surface. However, the laser can be seen in Fig. 3, a wider area of particles should be
not only needs to remove the particles from the filter medium vaporized with increasing energy applied on the filter. The data
but also to free them for transport so that they can be delivered in Table 2 also show a threshold eVect for the ablation from 100
to the ICP for further analysis. To achieve a more representa- to 120 mJ energy. However, a saturated ablation phenomenon
tive ablation, particles of a given spot size should be completely becomes significant if the energy is higher than 160 mJ.
vaporized with suYcient energy.17 It was observed from Fig. 3 As a result, diVerent laser energy and operation modes
that no ablation phenomena occurred until the flash lamp significantly aVect the coupling eYciency of energy to the
energy was raised to 30 J ( laser beam energy about 120 mJ ) sample and also the precision and sensitivity of the measure-
and a doubtful TEM01 cylindrical symmetry mode profile ment. The recommended low energy and normal operating
appeared on the burn patterns. The ablated area is significantly mode as optimum conditions may suggest that particle cleaning
larger than the cross-section of the laser beam. It appears that is the dominant mechanism for removing particles from the
the area is wider only because the energy increase brings to filter surface and not the ablation process.19 A single shot
the outer edge of the spatial profile a high enough energy level laser in the free-running mode with 160 mJ laser beam energy
to cause ablation. Fig. 3 also shows that the highly focused was therefore employed in the investigation as the optimum
Q-switch ablation mode has a tendency to burn a large hollow laser operating condition for LA-ICP-MS.
hole through the membrane. A pronounced burn pattern
occurred in the 180 mJ Q-switch mode. On the other hand, Optimizing laser focus
the PTFE substrates still remained after ablation in the low
energy density free-running mode. The eVect of laser focusing on precision and sensitivity was
evaluated from the integrated signal data. Fig. 4 indicates that,During the ablation process, the focused laser beam initially
produces a laser induced plasma of ionized argon, sample and with the proposed optimized laser operating conditions, the
integral intensities of several elements vary with the defocusfilter media vapor and free electrons above the filter sur-
face.18,19 The low b.p. PTFE substrates have been considered distance, which is defined as the distance where the laser
becomes focused below the surface of the sample.20 An asymp-as a material which conducts heat very well. In the high power
density Q-switch mode, focused energy is transferred to the totic increase in intensity was generally observed for most
J. Anal. At. Spectrom., 1999, 14, 663–668 665
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Table 2 Relative integral signal intensities (ions J−1) generated per unit energy in free-running and Q-switched modes at diVerent laser beam
energies (n=7)
Element Laser mode 100 mJ 120 mJ 140 mJ 160 mJ 180 mJ
24Mg Free-running 600 (6)a 11000 (13) 21000 (11) 24000 (4) 24000 (3)
Q-switch 610 (5) 5100 (10) 13000 (5) 16000 (3) —b
48Ti Free-running 170 (7) 3000 (15) 6500 (17) 8500 (10) 8300 (2)
Q-switch 220 (6) 2000 (16) 5200 (7) 9300 (10) —
51V Free-running 380 (8) 5200 (8) 9400 (8) 11000 (3) 11000 (3)
Q-switch 400 (6) 4000 (6) 7800 (3) 8300 (2) —
55Mn Free-running 300 (3) 16000 (16) 29000 (9) 34000 (4) 32000 (3)
Q-switch 300 (3) 9800 (7) 21000 (1) 23000 (3) —
57Fe Free-running 270 (3) 4400 (12) 7300 (5) 8400 (3) 7900 (3)
Q-switch 260 (9) 38000 (10) 7500 (4) 7500 (2) —
60Ni Free-running 220 (10) 1500 (19) 2400 (9) 2800 (4) 2700 (6)
Q-switch 230 (12) 950 (15) 1800 (2) 1900 (5) —
63Cu Free-running 940 (8) 17000 (14) 29000 (8) 34000 (2) 32000 (4)
Q-switch 860 (4) 14000 (10) 23000 (3) 25000 (2) —
66Zn Free-running 200 (11) 31000 (7) 51200 (8) 60000 (2) 59000 (6)
Q-switch 220 (11) 15000 (9) 30000 (7) 37000 (5) —
75As Free-running 200 (5) 370 (10) 540 (5) 500 (4) 450 (5)
Q-switch 190 (9) 320 (9) 420 (7) 370 (2) —
88Sr Free-running 150 (14) 760 (9) 1200 (10) 1500 (6) 1400 (8)
Q-switch 160(14) 440 (15) 790 (11) 980 (7) —
114Cd Free-running 130 (12) 290 (12) 310 (11) 330 (15) 400 (4)
Q-switch 150 (14) 440 (10) 620 (6) 670 (8) —
121Sb Free-running 130 (3) 1000 (16) 1800 (5) 2100 (2) 19000 (4)
Q-switch 140 (7) 800 (6) 1500 (3) 1600 (6) —
138Ba Free-running 120 (8) 12000 (17) 23000 (10) 27000 (5) 26000 (3)
Q-switch 110 (8) 6200 (10) 13000 (7) 15000 (4) —
208Pb Free-running 103 (8) 7100 (7) 14000 (7) 16000 (2) 15000 (6)
Q-switch 90 (13) 4200 (10) 8000 (8) 9800 (7) —
aData in parentheses are the relative standard deviations (%). bNot determined because of burning through the membrane filter.
Fig. 4 Integral intensities of 52Cr, 57Fe, 60Ni, 121Sb, 138Ba and 208Pb vary with the defocus distance using a 160 mJ single shot laser operated in
the free-running mode.
elements, which then reached a plateau with a defocus distance
of almost 6 mm. A wider area could be ablated by defocusing
the laser beam and rastering it over the sample surface. Fig. 5
illustrates the linear relationship between the defocus distance
and the size of the ablated area on the filter at a defocus
distance of ∏5.5 mm, and then the asymptotic plateau at a
greater defocus distance.
Obviously, the ablated area was dependent on the energy
dissipated to the sample, which was alternatively controlled
by the laser energy and by the defocus distance of the sample.
Airborne particles usually contain a variety of matrix constitu-
ents including organic compounds, oxides and silicates. A
larger plasma plume can be formed with a deeper defocus
position because more particles on the filter can be directly
evaporated by the laser beam. However, since only limited
energy was transferred with each laser setting, the observed Fig. 5 Relationship between the defocus distance and diameter of
intensity did not rise with a defocus distance to much higher ablated crater on the filter with a 160 mJ single shot laser operated in
the free-running mode.values.
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Fig. 6 Relationship between the signal intensities of 27Al+, 39K+ ,
57Fe+ , 88Sr+ , 121Sb+ and 208Pb+ in the filter samples and the carrier
gas flow rate at 160 mJ in the free-running mode at a 6.5 mm
defocus distance.
Fig. 8 Calibration curves for Fe obtained from NIST SRM 1648
Urban Particulate Matter; the total suspended particulate (TSP) mass
loading on the filter ranged from 0 to 5.5 mg per filter. The experiment
was performed with a 160 mJ single shot laser operated in the free-
running mode with a 6.5 mm defocus distance and 0.8 L min−1 carrier
gas flow rate.
Table 4 Calibration data r2 and LODs for airborne particulate loaded
filters determined by LA-ICP-MS
Slope Intercept LOD
Element (×104) (×104) r2 (ng per filter)
23Na 28 665.0 0.782 820.0
24Mg 70 2.2 0.722 3.2
29Si 1.9 8.9 0.905 250.0
39K 32 92.3 0.791 74.6
49Ti 11 0.8 0.924 15.6Fig. 7 Transient spectra of 121Sb with various carrier gas flow rates at
51V 500 1.3 0.925 0.7160 mJ in the free-running mode at a 6.5 mm defocus distance.
52Cr 200 9.1 0.768 4.3
55Mn 300 1.0 0.933 0.6
Table 3 Relative standard deviations (%) of elements on the loaded 57Fe 5.7 0.8 0.945 41.8
PTFE-membrane filter determined using LA-ICP-MS in Q-switch and 60Ni 100 0.7 0.965 1.8
free-running laser ablation modes with 160 mJ laser energy (n=7) 63Cu 300 0.8 0.905 0.4
66Zn 38 0.7 0.942 5.2
Element Q-switch mode Free-running mode 75As 84 0.7 0.978 2.2
77Se 9.9 0.5 0.981 18.2
24Mg 8 10 114Cd 68 0.4 0.829 1.8
27Al 12 11 121Sb 300 0.3 0.947 0.3
29Si 9 6 138Ba 200 0.3 0.824 0.8
35Cl 2 3 208Pb 74 0.3 0.840 1.6
44Ca 9 10
49Ti 9 10
51V 6 10
Influence of the carrier gas flow rate52Cr 5 11
55Mn 3 9
The ablated material was entrained in an argon gas stream57Fe 6 10
and transported by tube to the ICP for subsequent excitation.60Ni 4 10
63Cu 5 9 Many researchers have evaluated gas flow entrainment.21,22
66Zn 6 10 Generally, the flow rate of carrier gas will influence the
75As 7 7 transport eYciency and the signal sensitivity. Fig. 6 illustrates
88Sr 8 9 the relationship between the signal intensities of 27Al+ , 39K+ ,114Cd 6 7
57Fe+ , 88Sr+ , 121Sb+ and 208Pb+ (other elements also showed121Sb 7 9
similar trends) in the filter samples and the carrier gas flow138Ba 8 10
208Pb 12 10 rate. It was observed for most elements that maximum sensi-
tivity could be reached with a carrier gas flow rate ranging
between 0.8 and 0.9 L min−1 and that the peak position shifted
slightly towards a higher flow rate with increasing atomicAs Fig. 4 indicates that, in the free-running mode with
160 mJ laser beam energy, the optimum sensitivity of most number. We believe that a lower carrier gas flow rate might
degrade the transport eYciency and cause overheating of theelements determined using LA-ICP-MS was found at a defocus
position of 6.5 mm. It was reasonable to expect that optimum plasma in the ICP, which may also increase the production of
divalent ions. On the other hand, incomplete excitation couldsensitivity also leads to an optimum precision because in that
position the highest eYciency of energy coupled to the sample occur in the ICP process with a much higher flow rate, which
is attributed to the short dwell time of the analytes and cooleris achieved.
J. Anal. At. Spectrom., 1999, 14, 663–668 667
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temperature in the plasma. Significant spectroscopic inter- energy, pulse type and beam focus, thermal properties and
homogeneity of the sample and the carrier gas flow rate, onference from the formation of molecular ions was therefore
expected. Fig. 7 indicates that with the proposed laser the LA-ICP-MS measurement were thoroughly examined. The
empirical results obtained demonstrated that applyingoperating conditions, steady transient spectra of 121Sb can
only be obtained at a 0.8–1.0 L min−1 carrier gas flow rate. LA-ICP-MS for the multi-element analysis of airborne particu-
late matter collected on PTFE-membrane filters is feasible.For elements such as Na, K and Ca, the decrease in intensity
with increase in flow rate is illustrated by the curve for K in This suggests that particulate matter loaded on the filter will
be eYciently ablated if a moderate power input is utilized. IfFig. 6. The K signal is possibly related to the fact that an
increase in 38Ar1H in the background with decreasing nebulizer the power input is too high, a burning pattern occurs on the
filter sample, leading to irreproducible results. As a result, thegas flow rate as the temperature of the plasma increases is not
expected. Possibly it is due to tailing of increased 40Ar. In optimized ablation eYciency can be achieved using a
160 mJ single shot laser operated in the free-running modeaddition, it was found from a subsidiary experiment that the
smallest fluctuation could also be obtained at a 0.8 L min−1 with a 6.5 mm defocus distance from the filter surface. The
optimum transport eYciency for most of the elements can beflow rate for most elements, which was therefore selected as
the optimum carrier gas flow rate for this investigation. obtained if the argon gas flow rate is kept at 0.8 L min−1.
More than 20 major, minor and trace elements in airborne
particles on PTFE membrane filters can be determined.Homogeneity study of filter membrane samples
Since only a small area on the filter could be ablated using
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